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Abstract 

The  use  of  electrochemical  impedance  spectroscopy  (EIS)  and 
electrochemical  noise  analysis  (ENA)  for  non-destructive  evaluation  of 
corrosion  processes  is  illustrated  for  three  model  systems.  EIS  can  be 
used  to  detect  and  monitor  localized  corrosion  of  Al  alloys  and  determine 
pit  growth  laws  which  can  be  used  for  lifetime  prediction  purposes. 
Electrochemical  potential  and  current  noise  data  can  be  analyzed  in  the 
time  and  the  frequency  domain.  A  comparison  of  noise  data  obtained  for 
Pt  and  an  Al  2009/SiC  metal  matrix  composite  (MMC)  exposed  to  0.5  N 
NaCI  has  shown  that  the  use  of  potential  noise  data  alone  can  lead  to 
misleading  results  concerning  corrosion  kinetics  and  mechanisms.  The 
electrochemical  noise  data  have  been  evaluated  using  power  spectral 
density  (PSD)  plots  in  an  attempt  to  obtain  mechanistic  information.  The 
system  Fe/NaCI  has  been  used  to  determine  the  relationship  between 
the  polarization  resistance  Rp  obtained  from  EIS  data  and  the  noise 
resistance  Rn  determined  by  statistical  analysis  of  potential  and  current 
noise  data.  Potential  and  current  noise  can  be  recorded  simultaneously 
allowing  construction  of  noise  spectra  from  which  the  spectral  noise 
resistance  R°sn  can  be  obtained  as  the  limit  for  zero  frequency.  Good 
agreement  between  Rp,  Rn  and  R°sn  has  been  observed  for  iron 
exposed  to  NaCI  solutions  of  different  corrosivity.  For  polymer  coated 
steel  exposed  to  0.5  NaCI  for  five  months  analysis  of  EIS  data  allows  to 
draw  conclusions  concerning  the  degree  of  disbonding  of  the  coating 
and  the  decrease  of  the  coating  resistivity  with  exposure  time.  Rn  and 
R°sn  obtained  from  electrochemical  noise  data  for  an  alkyd  coating  on 
cold  tolled  steel  agree  with  each  other  and  show  the  same  time 
dependence  as  Rp  and  the  pore  resistance  Rpo  determined  from  EIS 
data,  but  are  signiricantly  lower  than  Rp  and  Rpo.  The  relationships  of 
derived  noise  parameters  such  as  Rn  and  R°sn  to  coating  properties  and 
to  the  remaining  lifetime  of  a  polymer  coating  are  not  clear  at  present. 


Introduction 

(MIC),  a  few  limitations  of  such  techniques  na  failure  to  qive 

weakness  of  most  corrosion  These  techniques 

quantitative  results  in  cases  .  .  electrode  and  it  is  not  clear 

give  average  readings  for  the  surfac  ^^^3  uniform  corrosion 

unknown'^^Thii^gen^^^  dl^Xntage  of  ^ 

especially  bothersome  in  the  case  of  MIC  where  ^ 
processes  are  of  a  localized  nature.  beefshown  to 

electrochemical  impedance  J  »q  localized  corrosion 

contain  lons“  a  well-established  techn^ue  in 

processes  [1-4].  bib  can  oe  conbiue.eu  ...^ppscfuiiv  in  studies  of 

corrosion  research  which  P®  p.  iUg  nractical  importance  of 

many  corrosion  systems  [4,5].  '^'i®J,p  desirable  to  apply  El S  to 

localized  phenomena  in  areas  such  as  M'C  ' ns  desiraoie  w  ^ 

studies  of  pitting  and  crevice  corros,on  with  d  other 

corrosion  processes  through  measurernents  o  P  9 
parameters  uniquely  related  to  localized  corrosion. 

Another  new  technique  is  electrochemical 
which  fs  considered  by  sonne  as  the  if  =  af  it  s 

"mai  signal  has  to  be  applied  to  "torrostn  cTnt 

very  few  studies  have  ?or  a  svstem  for  which  no 

ciQ  and  FNA  and  to  eva  uate  the  use  ot  bNA  as  a  cuiiv->=> 
foo®  "app^'oTsuch  as  MIC.  In  Jhe  ^9. 

demonstrate  this  approach.  While  the  J.f  f/pe^ 

been  obtained  in  abiotic  cl 

approach  taken  in  applications  of  EIS  and  ENA  and  form  rne  oa 


future  projects  to  be  carried  out  by  the  authors  in  which  these  techniques 
will  be  applied  in  evaluation  of  MIC  phenomena. 

Experimental  Results  and  Discussion 


Materials  and  Tost  Solutions.  In  the  study  of  pitting  of  A!-based 
materials  impedance  spectra  were  obtained  for  Al  6061  exposed  to  0.5  N 
NaCl.  Electrochemical  noise  data  were  determined  for  an  Al  2009/SiC, 


T-8  metal  matrix  composite  (MMC)  containing  20%  SiC  particles  and  for 
pure  Pt  in  the  same  solution.  Comparison  of  EIS  and  ENA  data  for  pure 
Fe  (99.999  %)  were  carried  out  in  three  solutions  of  NaCI  with  different 
corrosivi*''  The  study  of  polymer  coated  cold-rolled  steel  with  El^  and 


ENA  was  carried  out  in  0.5  N  NaCI  for  two  different  coating  systems. 


Methods.  EIS  data  for  Al  6061  were  determined  with  a  three- 
electrode  system  using  Solartron  model  1186  or  1286  potentiostats  and 
a  Solartron  model  1250  frequency  response  analyzer  (FRA).  Impedance 
spectra  were  analyzed  using  the  PITFIT  software  [6].  Potential  and 
current  noise  data  for  Al  2009/SiC  and  pure  Fe  were  determined 
sequentially  for  a  two-electrode  system  using  a  Solartron  model  1286 
potentiostat  as  a  ZRA  and  a  HP  model  3475A  voltmeter.  The  noise  data 
for  Al  2009/SiC  data  were  collected  over  a  4096  sec.  time  period  with  a 
sampling  rate  of  2  points/sec,  while  the  data  for  pure  Fe  were  collected 
during  a  500  sec.  time  period.  Noise  data  for  pure  Fe  were  also  collected 
simultaneously  using  two  digital  voltmeters  (HP  3457A  and  3478A)  and 
software  developed  at  CEEL  as  described  elsewhere  [7,8].  The  same 
technique  was  used  for  the  evaluation  of  two  po.ymer  coatings  on  cold- 
rolled  steel.  EIS  data  were  collected  for  the  same  two-electrode  system 
after  each  noise  measurement  which  was  carried  out  for  1024  sec  and  a 
sampling  rate  of  2  points/sec. 


Mansfeld  and  co-workers  have  demonstrated  that  the  pitting 
model  shown  in  Fig.  1  can  be  used  to  determine  pit  growth  rates  from 
impedance  spectrrcoiTected  at  the  corrosion  potential  Ecorr  [6,9].  Cp  and 
Rp  refer  to  the  passive  surface,  "'hile  Cpit,  Rpit  and  W  are  properties  of 
active  pits.  Fig.  2  shows  experimental  data  for  Al  6061  In  the  untreated 
condition  (Fig.  2a  and  b)  and  after  surface  modification  in  the  Ce-Mo 
Process  which  produces  excellent  resistance  to  localized  corrosion  (Fig. 
2c)  [10,11].  This  is  demonstrated  by  the  capacitive  nature  of  the  Bode 
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plots  in  Fig.  2c,  the  very  high  values  of  Rp  and  the  “  ^^"9®  JJ* 

impedance  data  during  exposure  to  0.5  N  NaCI  for  30  ys. 

Rp/(1-F) 


0sFil,W  =  (K/F)au)*.n<0 


Fig.  1 .  Pitting  model  for  Al  alloys 
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Fio  2  Impedance  spectra  for  untreated  (Fig.  2a  and  b)  and 
modified  (Fig.  2c)  Al  6061  with  different  exposure  times 

NaCl 


surface 
in  0.5  N 


Determination  of  pit  growth  rates  for  the  untreated  samples  requires 
calculation  of  the  speoific  pit  polarization  resistance  ROpit  =  Rpit  x  Apjt  from 
the  fit  parameter  Rpit  and  the  pitted  area  Ap.t  as  a  function  exposure 
time  Anit  =  2FA  is  calculated  from  the  time  dependence  of  the  area 
fraction  ^  at  which  pitting  occurs  (Fig.  1)  and  the  total  area  A  assuming 
hemisDherical  pits  [12].  Fig.  3  shows  the  time  dependence  of  Rpit  (Fig- 
a)  and^  Anit  (Fig.  3  b)  for  two  samples  of  Al  6061  with  different  surface 
preparation  (as-received  vs.  polished).  Pit  growth  rates  Vpit  have  been 
expressed  as  [11]: 

Vpit  =  a(t  -  to)^ 

where  to  is  the  time  at  which  pits  were  first  observed  an'^  a  and  b  are 
para'''eters  which  have  to  be  determined  experimentally. 

Since  Vpit  is  proportional  to  1/R°pit,  Eq.  1  can  be  written  as: 

log  (1/R°pit)  =  log  a'  +  b  log  (t  -  to)  (2) 

in  order  to  apply  the  experimental  impedance  data,  i.e.  R°pit- 
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Fig  3  Time  dependence  of  Rpit  (Fig.  3a)  and  Apit  (Fig.  3b)  for  untreated 
(as-received  vs.  polished)  Al  6061  exposed  to  0.5  N  NaCI 


Experimental  results  for  "  6061  based  on  the^da^^^^ 

shown  in  Fig.  4,  where  P''.®  °"9  "  .  „gre  obtained  in  log  -  log 

<  1  day).  Straight  lines  with  a  slope  close  to  i  were  o 

plots.  Pit  growth  rates  were  Piphet  (pat  b  was 

2024,  6061  and  7075  >°.  °-5  I  ar^d  the  fit  parameters  log  a' 
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Fig.  4.  Time  dependence  of  (as-received  vs. 

^  polished)  Al  6061  exposed  to  0.5  N  NaCI 


Table  i  Parameters  log  a',  b  and  to  in  pit  growth  law  for  Al  alloys 


- - - 

Alloy 

log  a’ 

4 

tg  (days) 

Al  7075-T6/Dassivated  in  CeClj 

-3.00 

-0.99 

>25 

Al  7075-T6/polished 

•  1.50 

-1.35 

<  1  i 

Ai  7075-T73/as-received 

-1.93 

-1.07 

^  1  i 

Al  7075-T73/deoxidized 

-1.84 

-1.11 

<  1  I 

Al  6061-T6/as-received 

-1.77 

-1.34 

^  1  i 

Al  6061-T6/polished 

-2.36 

-1.35 

^  1  I 

Al  6013-T6/as-received 

-1.89 

-0.86 

<  1  i 

Al  6013-T6/modified  by  Ce-Mo 

-2.28 

-1.25 

>30 

Flectrochemical  noise  data  have  been  obtained  the  time 
domain  as  potential  and  current  noise  for  an  Al  2009/SiC  MMC  during 
pxDosure  to  0  5  N  NaCI  (open  to  air).  For  comparison,  noise  data  have 
so  been  colfected  for  Pt  in  the  same  solution.  Fig.  5a  shows  he 
ooiential  noise  data  obtained  during  the  first  day  of 
which  pits  initiated  on  the  MMC  which  is  very  susceptible  to  localized 

tosion  The  noise  data  in  Fig.  5  were  norrnalized 

the  mean  value  during  the  measurement  time.  The  R® 

fluctuations  were  of  similar  magnitude  for  both  ^  ierv  small 

However  the  current  noise  were  very  large  for  the  MMC  and  ry 
for  Pt  (Fig.  5b).  The  potential  noise  fluctuations  for  Pt  whioh  is 
has  a  poorly  biased  open-circuit  potential,  are  considered  due  to  minor 
ShLges  ir!\he  mass  transport  conditions  during  the  m®asuremenh 
Obviously,  only  the  current  noise  fluctuations  are 
corrosion  phenomena.  The  experimental  da'a  in  Fig.  ^  , 

analyzed  using  power  spectral  density  (PSD)  plots.  I^r  tfie 
noise  data  similL  dc  limits  were  observed  in  the  PSD  plots  both 
materials  (Fig.  6a).  The  slope  in  the  linear  region  of  be  PSD  plo  was 
about  -  20  dB  for  the  MMC,  while  a  more  complicated  frequency 
Sendence  was  observed  for  Pt.  In  the  current  PSD  Plot  the  de  mit 
was  very  low  and  close  to  the  background  noise  of  the  potentiostat  for  Pt, 
while  it  was  very  high  for  the  MMC.  The  slope  in  the  linear  region  for  the 
MMC  was  about  -  15  dB.  These  results  show  that  measurements  o 
potential  noise  alone  can  be  misleading  in  terms  of  eva  ua  ion 
(localized)  corrosion  behavior. 


•i 


Time  (sec.) 


5.  Normalized  potential  noise  (Fig.  5a)  and  current  noise  (Fig.  5b) 
data  for  an  Al  2029/SiC  MMC  and  Pt  exposed  to  0.5  N  NaCl. 
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6.  Potential  (Fig.  6a)  and  current  (Fig.  6b)  PSD  Plots  for  A1  2009/SiC 
MWC  and  Pt  exposed  to  0.5  N  NaCI  (data  o  ig. 

Fig.  7  shows  potential  and  current  PSD  ^foo. 

MMC  exposed  to  0.5  N  ®A^dc  limit  was  observed  at 

change  much  with  exposure  tirine  (F  9-  .  pgQ  higher 

the  lowest  frequencies  and  a  linear  tor  all  exposure 

frequencies  with  a  slope  of  about  pccpntiallv  the  same  features, 

times.  The  current  PSD  plots  displayed  intensity  of 

however  the  dc  limit,  which  is  ^fJ^^^nVdav  and  the  slope  was 

localized  attack,  decreased  sharply  mrrsnt  noise  data  agree  with 

about  -1 5  dB  (Fig,  7b)^  results  from  the  cu^ise  daja^ 

the  observation  based  on  EIS  ggg  jp  intensity  with  time, 

the  earliest  stages  of  exposure,  but  PSD  plots  such 

Attempts  to  correlate  the  6  and  7)  with  the  rate  aria 

as  dc  limit,  roll-of  frequency  and  slope  ,.3  addition,  the 

type  of  the  corrosion  reaction  have  been  made  ^tion  0; 

n^'c'se  resistance  defined  as  he  ratio  of 

potential  and  current  noise  data  has  been  Al-basec 

dependence  of  localized  corrosion  processes  for  A1  alloys  ana  m 

MMCs. 


This  model  system  has  been  used  to  evaluate  the  relationship  of 
Rp  determined  by  EIS  with  the  noise  resistance  Rn  obtained  from  ENA 
[7,8].  The  noise  resistance  Rn  is  defined  as  the  ratio  of  the  standard 
deviation  of  the  potential  fluctuations  (a{V(t)})  and  the  standard  deviation 

of  the  current  fluctuations  (a{l(t)})  determined  from  electrochemical  noise 
data  [13]: 


Rn  =  a{V(t)}/a{l(t)} 


(3) 
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Time  dependence  o)  the  mean  value  of  the  coupling 
current  for  iron  exposed  to  solutions  of  different 
corrosivity. 
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output  [7,8].  The  a{V(t)}  and  a{l(t)})  data  are  plotted  as  a  function  of 
exposure  time  in  Fig.  10  and  11,  respectively.  The  time  dependence  of 
Rn  determined  according  to  Eq.  3  is  shown  in  Fig.  12.  Rn  had  the  highest 
values  for  the  inhibited  solution  and  the  lowest  values  with  the  most 
pronounoed  fluctuations  for  the  NaCI  solution  open  to  air.  It  will  be  noted 
that  the  values  of  a{V(t)}  (Fig.  10)  are  the  highest  for  the  solution  with  the 

lowest  corrosivity  (Fig.  12)  for  which  very  low  values  of  a{I(t)}  were 
recorded.  This  result  shows  again  that  potential  noise  data  alone  cannot 
be  used  to  determine  corrosion  kinetics  and  mechanisms. 


Fig.  10.  .Time  dependence  of  cT{V(t)}  for  iron  exposed  to  solutions  of 
different  corrosivity. 
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Time  dependence  of  a{l(t)}  for  iron  exposed  to  solutions  of 
different  corrosivity. 


Time  dependence  of  noise  resistance  Rn  ^or  iron  exposed  ti 
solutions  of  different  corrosivity 
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At  the  end  of  the  24  hour  exposure  time  EIS  data  were  obtained 
for  the  three  systems.  From  these  data  the  polarization  resistance  Rn 
was  obtained  by  fitting  to  a  simple  one-time-constant  model.  Satisfactory 
agreement  between  Rp  and  Rn  was  observed  (Table  II). 


Table  II.  Comparison  of  Rn  and  Rp  for  three  different  test  environments 


open  to  air 

deaerated  (Nj) 

inhibited  (NaNOJ  | 

R„(KQ) 

0.8 

8.3 

54.7  1 

Rp(KQ) 

1.6 

15.9 

22.1  I 

Recently,  a  new  experimental  approach  has  been  introduced 
which  allows  simultaneous  collection  of  potential  and  current  noise  [7,8]. 
From  these  data  Rn  can  be  obtained,  but  it  is  also  possible  to  construct 
noise  spectra  in  which  the  spectral  noise  data  are  plotted  as  a  function  of 
frequency  after  transformation  of  the  experimental  data  from  the  time 
aomain  into  the  frequency  domain  using  FFT.  The  ratio  Rsn  =  V(f)/I(f)  of 
me  values  for  potential  V(f)  and  current  noise  1(f)  at  each  frequency  is 
recorded  from  v;hich  the  spectral  noise  resistance  ROgn  can  be 
determined  as  the  limit  of  Rsn(f)  for  zero  frequency: 

R°sn  =  lim  {Rsn}  (4) 

f->o  '  '' 

M  O.  Shows  noise  spectra  for  iron  exposed  for  1  and  24  h  to 

^aci  with  and  without  NaN02.  For  the  uninhibited  solution  Rsn  is  low 
and  independent  of  frequency,  while  for  the  inhibited  solution  a  slope 
Close  to  -0.5  is  observed.  A  comparison  of  Rp,  Rn  and  R^sn  is  given  in 
^Dle  III  for  the  two  solutions.  Satisfactory  agreement  between  Rn 
Obtained  from  EIS  and  Rn  and  ROgn  obtained  from  ENA  is  observed.  It 
as  to  be  emphasized  that  a  theoretical  analysis  of  the  relationship  of  Rn 

and  ROgp  to  Rp  and  (localized)  corrosion  rates  does  seem  not  exist  at 
present. 
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3.  Polymer  Coatings  on  Steel 

One  of  the  most  successful  applications  of  EIS  is  the  evaluation  of 
the  properties  of  polymer  coatings  on  metals  and  their  degradation  with 
exposure  time  to  corrosive  environments  which  leads  to  corrosion  at  the 
metal/coating  interface  [4,5].  Mansfeld  and  Tsai  [5,15,16]  have  shown 
that  the  fit  parameters  obtained  for  the  coating  model  or  certain 
parameters  measured  in  the  high-frequency  region  can  be  used  to 
monitor  coating  degradation.  For  an  alkyd  system  (CR  2)  on  cold-rolled 
steel  exposed  to  0.5  N  NaCl,  it  was  shown  that  initially  the  main 
degradation  process  was  disbonding  of  the  coating,  while  at  longer 
exposure  times  the  coating  resistivity  decreased  as  conducting  paths 
developed  [5,16,17].  Fig.  M  shows  the  time  dependence  of  the 
delamination  ratio  D  =  A^/A,  where  Ad  is  the  delaminated  area  and  A  the 
total  area,  calculated  as  the  average  value  from  three  parameters  (Cdi, 
fb/fmin  and  Omin)  Obtained  from  the  analysis  of  the  impedance  spectra  in 
Fig.  15  [5,17].  These  parameters  are  identified  in  the  model  for  polymer 
coatings  and  a  theoretical  impedance  plot  in  Fig.  16.  It  was  assumed  that 
D  =  10-4  after  32  days.  D  increased  by  a  factor  of  thirty  during  immersion 

for  four  months.  In  Fig.  17,  the  parameter  fb/(fmin)^  =  27idpC°dl  = 
plotted  which  can  be  used  to  determine  changes  of  the  coating  resistivity 
p  assuming  that  the  coating  thickness  d  and  the  specific  double  layer 
capacitance  C°di  remain  constant  during  exposure.  For  d  =  25  pm  and 
C^di  =  30  pF/cm2  a  decrease  of  p  from  about  2.10’’°  ohm. cm  to  3.10^ 
ohm. cm  is  estimated  between  one  and  five  months  exposure  for  CR  2 
[5,17].  These  results  demonstrate  that  EIS  is  capable  of  detecting 
localized  corrosion  phenomena  such  as  disbonding  of  the  coating  and 
initiation  of  corrosion  at  the  metal  coating/interface  as  well  as 
deterioration  of  the  polymer  coating  and  loss  of  its  protective  properties. 


Log  IZ!  (ohm) 


The  same  coating  system  has  been  studied  with  ENA  It  7], 
shows  a  comparison  of  experim  P^  gnj  iso  days.  It 

(Fig.  18b)  noise  data  for  CR  ^  ^  ^  less  protective  coating 

can  be  seen  that  the  j'af  f times  (Fig 

are  much  larger  in  the  early  stag  (i|.pP|.ations  are  much  smaller  on  the 

18a).  On  the  other  hand  he  c^renUluct^^^^^^^^^ 

28th  day  than  on  the  130th  Pay  nn,antio|  noise  levels  decrease  and 
evaluation  of  noise  data  deorades.  Similar  observations 

current  levels  increase  as  the  co  g  9  epoxy  polyamide 

were  made  by  Skerry  et  al  ^  i  noise  levels  with  time  were 
..natinn  rCR  91  no  systematic  changes  of  the  noise  lev 


observed  [17]. 


Time  (sec.) 


Fig.  18. 


Experimental  ^  2  alter  28  anTl^SO^ days  exposure 

18b)  for  coating  system  CR  2  aner  duu  to  y 

to  0.5  N  NaCl. 


Noise  spectra  for  the  alkyd  coating  (CR  2)  and  the  epoxy  coating 
(CR  9)  after  exposure  for  28  and  130  days  are  shown  in  Fig.  19.  In  all 
cases  Rsn  is  independent  of  frequency  with  higher  values  for  CR  9  for 
which  no  indication  of  deterioration  and/or  loss  of  corrosion  protection 
was  observed.  The  resistive  parameters  obtained  from  statistical  and 
spectral  noise  analysis  are  plotted  in  Fig.  20.  For  CR  2  Rn  and  ROcn 

remained  at  much 

higher  values  and  did  not  change  significantly  with  time  indicating  that 
Se?5^a^tions°5  1^6]^°^^^  occurred  in  agreement  with  previous 
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f^ig.  19.  Spectral  noise  plots  for  coating  systems  CR  2  and  CR  9  after 
exposure  to  0.5  N  NaCI  for  28  and  130  days. 


Fig.  20.  Time  dependence  of  Rn  and  R^sn  for  CR  2  and  CR  9. 


In  Pin  ?1  the  same  time  dependence  of  Rn  and  R°sn  obtained 

SisrsdsM 

resoectivelv  [5,15,16]. 


Fig.  21 .  I  .me  dependence  of  Rn,  Rpo.  Rn  and  R°sn  for  corting  system 
CR  2  exposed  to  0.5  N  NaCl 


The  coatings  CR  2  and  9  together  with  10  other  coating 

will  be  evaluated  further  in  a  joint  project  ^Califom^ 

Little  during  exposure  to  natural  seawater  in  Port  H  . 

and  Ft  I  Ldardaie  Florida  and  to  artificial  seawater.  EIS  and  ENA  data 

S;e°' AfiLf  erp^sut  sTnt^teVv^iir 

Samples  exposed  by  J.  Jones-Meehan  and  oo-workers  to  different 


colonies  of  bacteria  will  be  evaluated  by  EIS  to  determine  changes  of 
coating  properties  and  the  extent  of  corrosion  at  the  metal/coating 
interface  and  by  ESEM. 

Summary  and  Conclusions 

Both  EIS  and  ENA  can  be  used  to  obtain  important  kinetic 
information  for  different  corrosion  systems.  At  the  present  state  of  our 
understanding  of  ENA  it  seems  that  more  detailed  information  can  be 
derived  from  EIS  data  which  are  collected  in  a  very  wide  frequency 
range.  This  conclusion  has  been  reached  from  the  analysis  of  EIS  and 
ENA  data  for  three  different  systems:  AI/NaCI  Fe/NaCI  and  polymer 
coated  steel/NaCI.  Analysis  of  EIS  data  for  polymer  coated  medals  allows 
estimation  of  water  uptake  of  the  coating  from  the  increase  of  Cc  with 
time,  decrease  of  coating  resistivity,  degree  of  disbonding  of  the  coating 
and  initiation  of  corrosion  at  the  metal/coating  interface  based  on  the 
parameters  shown  in  Fig.  16a  and  b.  Electrochemical  noise  data  are 
typically  observed  only  for  f  <  1  Hz  as  shown  for  the  three  examples 
presented  here.  Analysis  of  noise  data  by  statistical  methods  results  in 
Rn-  while  from  spectral  analysis  R^sn  can  be  obtained.  While  Rn  and 
R°sn  have  shown  similar  changes  with  time  as  Rp  and  Rpo  for  a  polymer 
coating  with  relatively  poor  performance,  their  numerical  values  are 
much  lower  than  those  of  Rpo  and  Rp.  Both  Rp  and  R°sn  remained  at 
much  higher  values  for  the  coating  with  excellent  performance  than  for 
the  coating  with  poorer  performance. 

The  advantages  of  ENA  are  the  low  cost  of  equipment  and  the 
relatively  simple  methods  for  data  collection  which  makes  this  method 
very  attractive  for  corrosion  monitoring.  A  disadvantage  at  present 
seems  to  be  the  difficulty  of  data  interpretation.  Further  research 
concerning  the  correlation  of  potential  and  current  noise  with  different 
phenomena  occurring  during  localized  corrosion  is  needed.  Eventually, 
the  main  application  of  ENA  might  be  found  in  corrosion  monitoring  using 
the  simple  statistical  approach  leading  to  Rn  or  more  complicated 
analyses  in  the  frequency  domain  in  the  form  of  PSD  plots  resulting  in 
parameters  related  to  corrosion  phenomena  or  of  spectral  noise  analysis 
leading  to  R^sn- 

More  information  concerning  the  apolication  of  EIS  and  ENA  to 
MIC  will  become  available  in  a  project  funded  by  the  Office  of  Naval 
Research  in  which  12  different  polymer  coating  systems  will  be  exposed 
to  natural  seawater  for  six  months  periods  at  two  locations  and  to 
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different  colonies  of  bacteria.  The  experimental  approach  to  be  taken  will 
be  similar  to  that  described  above. 
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